1. Introduction {#sec0001}
===============

Progressive supranuclear palsy (PSP) is a neurodegenerative disorder characterized by the deposition of tau immunoreactive globose neurofibrillary tangles, coiled bodies, tufted astrocytes and threads in the brain ([@bib0001]; [@bib0002]). It has been recognized for many years that PSP can present with a number of different clinical presentations and the recently published Movement Disorders Society clinical criteria for PSP (MDS-PSP) provides guidelines for diagnosing different PSP variants ([@bib0003]). The most common clinical presentation is PSP-Richardson\'s syndrome (PSP-RS) which is diagnosed by the presence of both falls early in the disease course and either slowing of vertical saccades or vertical supranuclear gaze palsy ([@bib0002]; [@bib0003]; [@bib0004]). However, patients with PSP can also present with other predominant clinical features, such as progressive gait freezing (PSP-PGF) ([@bib0005]), a Parkinson\'s disease phenotype (PSP-P) ([@bib0006]), corticobasal syndrome (PSP-CBS) ([@bib0007]; [@bib0008]), behavioral variant of frontotemporal dementia (PSP-frontal or PSP-F) ([@bib0009]) or speech and language impairment (PSP-SL) ([@bib0010]; [@bib0011]).

Magnetic resonance imaging (MRI) research has largely focused on studying the classic PSP-RS phenotype, showing characteristic patterns of atrophy of midbrain, subcortical grey matter structures (including striatum, thalamus and globus pallidus), and frontal lobes ([@bib0012], [@bib0013], [@bib0014]; [@bib0015]; [@bib0016]; [@bib0017]; [@bib0018]; [@bib0019]; [@bib0020]; [@bib0021]), as well as degeneration of the superior cerebellar peduncle and structures along the dentatorubrothalamic pathway ([@bib0022], [@bib0023], [@bib0024], [@bib0025]; [@bib0026]; [@bib0027]). These neuroimaging findings have concurred with pathological findings in PSP-RS ([@bib0028]; [@bib0029]). Specifically, the nuclei that are most affected pathologically in PSP-RS are the globus pallidus, subthalamic nucleus and substantia nigra, with atrophy in the midbrain and superior cerebellar peduncle; also consistently found is mild neuronal loss and gliosis in the striatum and thalamus, neuronal loss and grumose degeneration of the dentate nucleus of the cerebellum and mild atrophy of the frontal lobe ([@bib0029]). Recent neuroimaging studies using PET ligands that bind to tau proteins in the brain, such as \[^18^F\]flortaucipir (previously known as \[^18^F\]AV-1451 ([@bib0030]; [@bib0031])), have also shown increased uptake in the globus pallidus, midbrain, thalamus, subthalamic nucleus, and dentate nucleus of the cerebellum in PSP-RS ([@bib0032]; [@bib0033]; [@bib0034]; [@bib0035], [@bib0036]; [@bib0037]). Again, this matches the distribution of tau pathology observed at autopsy.

Pathological studies have shown that PSP clinical-variant subtypes are associated with different distributions of pathology across this system of structures compared to PSP-RS, with some PSP variants showing a predominance of cortical involvement and others showing greater tau pathology in the globus pallidus, diencephalon and brainstem, i.e. "brainstem predominant" ([@bib0005], [@bib0006]; [@bib0010]; [@bib0029]; [@bib0038]). Less is known about the neuroimaging features of these atypical PSP variants. Midbrain atrophy has been observed in some patients with the atypical PSP syndromes ([@bib0009], [@bib0020], [@bib0039], [@bib0040], [@bib0041], [@bib0042], [@bib0043], [@bib0044]), but not in others ([@bib0045]), and it is unclear whether the degree of atrophy differs from PSP-RS ([@bib0020]; [@bib0039]; [@bib0043]). Atrophy in the frontal lobes has also been observed across different syndromes, particularly PSP-SL ([@bib0011]; [@bib0041]; [@bib0044]), PSP-F ([@bib0009]) and PSP-CBS ([@bib0046]; [@bib0047]). However, these studies have only reported small numbers of patients, have not compared across the different PSP variants and have not utilized the new MDS-PSP criteria to diagnose each variant ([@bib0023]). The lack of knowledge concerning the neuroimaging features of the atypical PSP variants limits our understanding of the pathophysiology of these variants and limits our ability to develop generalizable disease biomarkers across the PSP spectrum. This is critical since one of the goals of the MDS-PSP diagnostic criteria was to allow patients with atypical PSP to be diagnosed in a standardized manner and hence included in future clinical treatment trials for PSP. Midbrain volume has performed well as a disease biomarker in studies of PSP-RS ([@bib0048]; [@bib0049]; [@bib0050]), although it is unclear whether it would be an appropriate biomarker across all PSP variants or whether there are more appropriate neuroimaging targets.

The aim of this study was to assess patterns of atrophy and \[^18^F\]flortaucipir uptake across these PSP variants in order to better understand differences and commonalities across variants. Specifically, we used these two neuroimaging modalities to probe the relative involvement of brainstem, subcortical and cortical systems that have been implicated pathologically in PSP to determine whether we can identify different patterns of involvement across these systems. We also report semi-quantitative tau burden results for a subset of patients that underwent autopsy.

2. Methods {#sec0002}
==========

2.1. Patient recruitment {#sec0003}
------------------------

One hundred and five patients with PSP were recruited by the Neurodegenerative Research Group (NRG) from the Department of Neurology, Mayo Clinic, between September 2009 and September 2018. All patients underwent a neurological evaluation that included testing on the PSP Rating Scale ([@bib0051]) to assess disease severity, the Movement Disorders Society sponsored revision of the Unified Parkinson\'s Disease Rating Scale part III ([@bib0052]) to assess motor parkinsonism, the PSP Oculomotor Impairment Scale ([@bib0024]) to assess eye movement abnormalities, the Frontal Assessment Battery ([@bib0053]) to assess executive dysfunction and the Montreal Cognitive assessment Battery ([@bib0054]) to assess general cognitive impairment. All patients seen from 2012 onwards (including all 23 PSP-SL patients) were also seen by a Speech-Language Pathologist who determined the presence/absence of apraxia of speech and agrammatic aphasia, as previously described ([@bib0042]). The severity of apraxia of speech was rated using the Apraxia of Speech Rating Scale ([@bib0055]).

All patients were given a PSP syndromic diagnosis according to the MDS-PSP criteria ([@bib0003]; [@bib0056]). The criteria were applied based on clinical judgment and using operational definitions that we have previously published ([@bib0057]). These operational definitions use scores from the PSIS, PSP Rating Scale, and MDS-UPDRS III to determine whether a patient meets each level of the oculomotor, postural instability and akinesia sections of the MDS-PSP criteria. The criteria were retrospectively applied to cases evaluated before 2017 (*n* = 55) using these same operational definitions. The multiple allocations extinction (MAX) criteria were also utilized in situations when patients met criteria for more than one diagnostic label ([@bib0056]). Of the 105 patients, 53 patients were clinically diagnosed with probable PSP-RS, 12 patients with probable PSP-P, five patients with probable PSP-F, four patients with PSP-PGF, 23 patients with possible PSP-SL, and eight patients with possible PSP-CBS. Of these patients, 22 have undergone autopsy and 21 have a definite autopsy confirmed diagnosis of PSP (ten PSP-RS, three PSP-CBS, three PSP-P, two PSP-SL, two PSP-F, one PSP-PGF). The remaining patient (PSP-SL) had a diagnosis of globular glial tauopathy.

All patients underwent a 3T head MRI, and a subset of 59 patients underwent \[^18^F\]flortaucipir PET. Flortaucipir scans were performed a median of 1 day (inter-quartile range 1--1) from the MRI. Thirty cognitively unimpaired healthy controls were also consecutively recruited between April 2016 and September 2018 and underwent 3T head MRI and \[^18^F\]flortaucipir PET imaging.

2.2. Neuroimaging analysis {#sec0004}
--------------------------

All patients and controls underwent a standardized MRI protocol at 3T that included a magnetization prepared rapid gradient echo (MPRAGE) sequence ([@bib0058]). The majority of the cohort (78%) was scanned on a General Electric 3T scanner, although 30 patients were scanned on a Siemens Prisma 3T scanner. Tau-PET scans were acquired using a PET/CT scanner (GE Healthcare, Milwaukee, Wisconsin) operating in 3D mode. An intravenous bolus injection of 370MBq (range 333--407 MBq) of \[^18^F\]flortaucipir was administered, followed by a 20-minute PET acquisition performed 80-minutes after injection. Emission data was reconstructed into a 256 × 256 matrix with a 30-cm field of view (Pixel size=1.0 mm, slice thickness=1.96 mm). Individual frames of the dynamic series were omitted if motion was detected, and then a mean image was created.

Voxel-level comparisons of MRI grey and white matter volumes and \[^18^F\]flortaucipir uptake were performed using SPM12 ([@bib0059]). All MPRAGE scans were normalized to the Mayo Clinic Adult Lifespan Template (MCALT) using Advanced Normalization Tools ([@bib0060]), segmented via unified segmentation ([@bib0061]) with MCALT priors/settings ([@bib0062]) and grey and white matter images were modulated and smoothed at 8 mm full-width-at-half-maximum. Flortaucipir images were co-registered to the MPRAGE using 6°-of-freedom registration in SPM12. All voxels in the MPRAGE-space flortaucipir images were divided by median uptake in the cerebellar crus grey matter to create standardized uptake value ratio (SUVR) images. SUVR images were normalized to MCALT and smoothed at 6 mm full-width-at-half-maximum. Voxel-wise t-tests in SPM12 were used to compare the PSP variants to controls and against each other, including age, gender and scanner manufacturer as covariates. Results were assessed after family wise error (FWE) correction for multiple comparisons at *p*\<0.05 or uncorrected at a threshold of *p*\<0.001.

Region-level data was also outputted to assess specific structures of interest. The MCALT atlas was used to assess volume and flortaucipir uptake in subcortical grey matter structures (thalamus, globus pallidus, putamen and caudate) and cortical regions of interest. The cortical regions of interest included the supplementary motor area, superior frontal gyrus, medial prefrontal gyrus, inferior frontal gyrus (inferior frontal triangularis + inferior frontal operculum), precentral cortex, postcentral cortex and superior parietal lobe. These regions were selected as they have been previously shown to be involved in PSP-RS and in patients with apraxia of speech/agrammatic aphasia and corticobasal syndrome. The Deep Brain Stimulation Intrinsic Template ([@bib0063]) atlas was used to output volume and flortaucipir uptake in the substantia nigra, subthalamic nucleus and red nucleus. These nuclei show tau deposition at autopsy in PSP and form critical components of the subcortical circuitry affected by PSP ([@bib0029]). Lastly, we used in-house developed midbrain and cerebellar dentate nucleus atlases. These atlases were created by manually drawing these structures onto the MCALT template using published segmentation guidelines ([@bib0064]). Using the parameters from normalizing the MPRAGE scans to the MCALT template, the atlases were propagated to native MPRAGE space and used to output region-level data for volume and flortaucipir SUVR. Total intracranial volume was also measured to allow the correction of head size in the MRI analyses. Region-level flortaucipir analyses were also assessed after performing a two compartment partial volume correction.

2.3. Neuropathological analyses {#sec0005}
-------------------------------

All autopsy cases had undergone a standard neuropathological examination performed according to the recommendations of the Consortium to Establish a Registry for Alzheimer\'s disease. After removal of the brain, one hemisphere was fixed in 10% buffered formaldehyde for 7--10 days followed by the taking of 7μ sections. All samples were processed in paraffin and had been stained with hematoxylin and eosin, glial fibrillary acid protein and modified Bielschowsky or Bodian silver. Immunohistochemical analysis was also performed with a battery of antibodies, including phospho-tau (CP13: gift from Dr. Peter Davis, Albert Einstein College of Medicine, Bronx, NY or clone AT8, 1:1000; Innogenetics, Alpharetta, GA). All brain tissue slides were reviewed by DWD and pathological diagnoses were rendered according to published pathological criteria for PSP. PSP was diagnosed if there were neurofibrillary tangles, coiled bodies, neuronal and glial threads, and tufted astrocytes in cardinal nuclei. Tau burden was assessed using slides immunostained with CP13 from the dentate nucleus of the cerebellum, midbrain tegmentum, substantia nigra, red nucleus, subthalamic nucleus, ventral thalamus, globus pallidus, striatum, superior frontal cortex and motor cortex for the 21 cases with definite PSP. Burden of neurofibrillary tangles (including pre-tangles), coiled bodies, tufted astrocytes, and threads in each region were recorded using a semi-quantitative 4-point scale (0=absent, 1=mild, 2=moderate, 3=severe). All semi-quantitative scoring was performed by a neuropathologist (DWD).

2.4. Statistical analysis {#sec0006}
-------------------------

We used linear mixed-effects models to evaluate group-wise difference in log-transformed volume or SUVR within each region with age at scan, scanner manufacturer (General Electric vs Siemens), and total intracranial volume (for volume analysis only) as covariates. Graphical inspection of the data by manufacturer did not suggest a clear systematic manufacturer difference across regions nor were our model estimates particularly sensitive to whether or not we combined GE and Siemens scans. The mixed models included controls and modeled patient group as a random intercept, thereby shrinking group-wise estimates towards a common mean. The shrinkage, or penalized estimation, inherent in mixed model estimation reduces over-fitting and bias, and reduces false positives when performing pairwise comparisons across multiple groups ([@bib0065]). All statistical analyses were performed using R statistical software. For all but two regional analyses, models were fit using the lmer mixed model function in the lme4 package. For the postcentral and superior parietal volumetric models the lmer estimates indicated the variance component for the random intercept was zero. Therefore, for these two regions, we used the blme package which extends lmer models so that variance components are "non degenerate" or bounded away from zero ([@bib0066]). We used posterior simulations using the sim function in the arm package to get confidence intervals for each group ([@bib0065]). We report 84% and 95% CIs for the group means. Because the groups are independent, 84% CIs provide a heuristic to facilitate pairwise comparisons; 84% CIs that do not overlap indicate a significant group-wise difference at *p*\<0.05 ([@bib0067]). To obtain p-values for group-wise comparisons, we used the duality between confidence intervals and hypothesis tests and report the p-value for a group-wise comparison as the alpha level corresponding to the widest CI that does not include zero. For example, a 90% confidence interval for a difference between groups that does not include zero indicates *p*\<0.10; a 95% CI that does not include zero indicates *p*\<0.05, etc.

3. Results {#sec0007}
==========

3.1. Demographics and clinical performance {#sec0008}
------------------------------------------

The PSP variants did not differ in gender, education, age at onset or performance on the PSP Rating Scale ([Table 1](#tbl0001){ref-type="table"}). However, we did observe a difference across variants in disease duration, with the longest disease durations observed in PSP-P and PSP-SL. The age at MRI also differed, with oldest age observed in PSP-SL and PSP-PGF. Performance on tests of cognitive impairment and executive dysfunction differed across variants, with worse performance in PSP-SL, PSP-CBS and PSP-F. Worse oculomotor impairment was observed in PSP-RS and PSP-CBS. These findings were similar in the subset of patients that underwent flortaucipir PET (Supplementary Table 1).Table 1Demographics and clinical findings across PSP variants.Table 1**PSP-RS (53)PSP-P (12)PSP-PGF (4)PSP-SL (23)PSP-CBS (8)PSP-F (5)Overall P-value**No. Female (%)24 (45%)4 (33%)2 (50%)15 (65%)5 (62%)3 (60%)0.46APOE ε4 carriers6 (22%)2 (25%)0 (0%)2 (10%)1 (33%)NA0.55Education15 \[13, 16\]15 \[13, 18\]15 \[14, 16\]15 \[12, 16\]12 \[10, 14\]NA0.45Age at scan, yrs68 \[65, 72\]70 \[66, 74\]75 \[73, 79\]75 \[72, 80\]72 \[67, 76\]69 \[67, 74\]0.006Age at onset, yrs65 \[61, 69\]63 \[57, 68\]72 \[69, 76\]68 \[66, 72\]67 \[63, 72\]65 \[64, 71\]0.10Disease duration3.4 \[2.0, 4.0\]6.6 \[4.8, 8.5\]2.5 \[2.0, 3.0\]6.3 \[4.2, 7.6\]3.8 \[3.0, 4.0\]3.4 \[2.0, 4.0\]\<0.001MoCA (/30)23 \[20, 26\]24 \[24, 28\]26 \[26, 26\]19 \[16, 25\]22 \[21, 26\]19 \[8, 26\]0.03FAB (/18)14 \[12, 15\]14 \[14, 16\]14 \[12, 15\]11 \[8, 14\]12 \[9, 14\]13 \[10, 16\]0.02MDS-UPDRS III (/132)41 \[31, 51\]48 \[38, 57\]45 \[36, 54\]54 \[34, 68\]48 \[42, 56\]40 \[33, 42\]0.054PSP Rating Scale (/100)40 \[32, 49\]39 \[35, 42\]40 \[36, 45\]47 \[36, 59\]43 \[36, 53\]43 \[36, 50\]0.40PSP Rating Scale gait-midline (/20)11 \[6, 15\]13 \[10, 16\]14 \[13, 16\]12 \[9, 14\]13 \[11, 16\]12 \[10, 16\]0.68PSP oculomotor impairment scale (/5)3 \[3, 4\]2 \[2, 3\]2 \[2, 2\]2 \[2, 3\]3 \[3, 3\]2 \[2, 3\]0.002Apraxia of Speech Rating Scale II (/64)5 \[2, 7\]3 \[1, 4\]2 \[2, 4\]24 \[16, 36\]7 \[1, 11\]NA\<0.001[^1]

3.2. MRI volume analyses {#sec0009}
------------------------

In the voxel-level analysis ([Fig. 1](#fig0001){ref-type="fig"}), grey matter volume loss was observed throughout the frontal lobes and precentral cortex of the PSP-SL variant compared to controls (FWE corrected). Frontal grey matter loss was also observed in the PSP-CBS and PSP-F variants, particularly in the prefrontal cortex, compared to controls (FWE corrected). The PSP-RS, PSP-F, PSP-CBS and PSP-SL variants showed areas of loss around the edge of the ventricles and in the hemispheric fissure, while PSP-P showed areas of loss round the edge of the ventricles (uncorrected). White matter volume loss was observed in the midbrain and superior cerebellar peduncle in PSP-RS, PSP-F and PSP-CBS (FWE corrected); midbrain only white matter volume loss was seen in PSP-P and PSP-PGF (uncorrected) compared to controls. White matter loss was observed underlying the posterior frontal and precentral cortex, and body of the corpus callosum, in PSP-SL (FWE corrected), in the posterior frontal lobes of PSP-F and PSP-CBS (uncorrected), and body of the corpus callosum in PSP-CBS (uncorrected), compared to controls.Fig. 1Three-dimensional brain renderings showing patterns of grey (shown in red) and white (shown in blue) matter volume loss in each PSP variant compared to controls. Results are uncorrected for multiple comparisons at *p*\<0.001.(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)Fig 1

On direct comparison between variants, PSP-SL showed greater grey and white matter loss in the premotor and motor cortex compared to PSP-RS and PSP-P (FWE corrected), with greater loss in the body of the corpus callosum when uncorrected at *p*\<0.001. PSP-SL had greater premotor grey matter loss compared to PSP-CBS and greater premotor white matter loss compared to PSP-PGF and PSP-F (uncorrected). PSP-SL also showed greater grey matter loss in the thalamus compared to PSP-RS (uncorrected). PSP-CBS showed greater grey and white matter loss in the frontal lobe compared to PSP-P (uncorrected). PSP-F showed greater white matter loss in the superior cerebellar peduncle and greater grey matter loss in the frontal lobe compared to PSP-P (uncorrected).

In the ROI-level analysis, significant differences were observed across PSP variants in midbrain (*p* = 0.002), red nucleus (*p*\<0.001), subthalamic nucleus (*p* = 0.001), supplementary motor area (*p* = 0.002) and precentral cortex (*p*\<0.001), with trends (*p*\<0.10) observed for substantia nigra and the dentate nucleus of the cerebellum (Supplementary Table 2). The inter-variant comparisons were based on the linear mixed effects model results shown in [Fig. 2](#fig0002){ref-type="fig"}. PSP-RS showed smaller midbrain volumes compared to PSP-SL (*p*\<0.001) and PSP-P (*p* = 0.02). PSP-CBS and PSP-F also showed smaller midbrain volumes compared to PSP-SL (*p* = 0.006 for both). Similar results were observed with the red nucleus and substantia nigra, except that PSP-F also showed smaller volumes of the red nucleus compared to PSP-P (*p* = 0.02). The PSP-SL group had larger subthalamic nucleus volumes compared to PSP-RS (*p*\<0.001), PSP-F (*p* = 0.001), PSP-CBS (*p* = 0.01) and PSP-P (*p* = 0.04). The PSP-SL group showed smaller volumes of the precentral cortex compared to all other variants (*p*\<0.001 vs. PSP-RS and PSP-P, *p* = 0.001 vs. PSP-CBS, *p* = 0.02 vs. PSP-PGF, *p* = 0.03 vs. PSP-P), and smaller volumes of supplementary motor area compared to all variants, except for PSP-PGF (*p*\<0.001 vs. PSP-RS, *p* = 0.001 vs. PSP-F, *p* = 0.01 vs. PSP-CBS, *p* = 0.04 vs. PSP-P). No differences were observed across PSP variants in volume of dentate nucleus of the cerebellum, thalamus, pallidum, putamen, caudate, medial prefrontal, superior frontal, postcentral or superior parietal ROIs.Fig. 2Estimated log-transformed MRI volumes from Linear Mixed-Effects Models. For each boxplot the circle is the estimated mean from the model, with the thick color line showing the 84% confidence interval and the thin grey line showing the 95% confidence interval.(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)Fig 2

3.3. Flortaucipir analyses {#sec0010}
--------------------------

In the voxel-based analysis ([Fig. 3](#fig0003){ref-type="fig"}), PSP-RS showed elevated uptake of flortaucipir in the pallidum, putamen, thalamus, subthalamic nucleus and red nucleus (FWE corrected), with milder increased uptake in the caudate, midbrain (involving the superior aspects of the substantia nigra), dentate nucleus of the cerebellum and cerebellar grey matter (uncorrected), compared to controls. The PSP-SL variant showed elevated uptake in the pallidum, putamen, thalamus and frontal lobe with greater uptake in the left hemisphere (FWE corrected), and milder uptake in the subthalamic nucleus, midbrain (red nucleus and substantia nigra) and cerebellar grey matter compared to controls (uncorrected). More focal patterns of uptake were observed in PSP-P and PSP-PGF, with both variants showing uptake only in the putamen and pallidum compared to controls after FWE correction. At a more lenient uncorrected *p*\<0.001 threshold, both variants also showed elevated uptake in the caudate and thalamus, with PSP-PGF also showing one area of increased uptake in the superior lateral premotor cortex. The PSP-CBS variant did not show any regions of elevated flortaucipir uptake compared to controls (uncorrected). The flortaucipir scans from the three PSP-CBS patients are shown in [Fig. 4](#fig0004){ref-type="fig"}. Patterns of uptake were variable across the three PSP-CBS patients, with the oldest patient showing symmetric uptake in the dentate nucleus of the cerebellum, midbrain, basal ganglia, thalamus and superior posterior frontal lobe, and the other two showing milder patterns of uptake. The PSP-SL variant showed greater uptake in the frontal lobes not seen in PSP-RS, PSP-P and PSP-CBS, although only the findings compared to PSP-RS and PSP-P survived correction for multiple comparisons in the voxel-level analysis.Fig. 3Voxel-wise Flortaucipir findings in each PSP variant compared to controls. Results are shown on axial slices at the level of the dentate nucleus of the cerebellum and at the level of the red nucleus and subthalamic nucleus; coronal slices at the level of motor cortex and premotor cortex; and a sagittal slice at the level of the red nucleus. Results for the PSP-RS variant are shown in red, the PSP-SL variant in blue, the PSP-P variant in yellow and the PSP-PGF variant in green. Results are uncorrected for multiple comparisons at *p*\<0.001. Top row illustrates the location of the subcortical nuclei from the atlases. DN = dentate nucleus of the cerebellum; Put = putamen; CN = caudate nucleus; RN = red nucleus; STN = subthalamic nucleus; SN = substantia nigra; Thal = thalamus; GP = globus pallidus; *R* = right.(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)Fig 3Fig. 4Flortaucipir SUVR images for the three PSP-CBS patients.Fig 4

In the ROI-level analysis, significant differences were observed across PSP variants in precentral cortex (*p* = 0.03) and supplementary motor area (*p* = 0.02), with a trend for differences in the putamen (*p* = 0.07) (Supplementary Table 3). The inter-variant comparisons are based on the linear mixed effects model results shown in [Fig. 5.](#fig0005){ref-type="fig"} The PSP-SL group showed greater uptake in the precentral cortex and supplementary motor area compared to both PSP-RS (*p* = 0.004 and *p* = 0.003) and PSP-P (*p* = 0.03 and *p* = 0.03). The PSP-P group showed greater uptake in the putamen compared to PSP-RS (*p* = 0.04). The results were very similar with partial volume correction, except that PSP-SL also showed greater uptake in the precentral cortex and supplementary motor area compared to PSP-PGF (*p* = 0.02 and *p* = 0.03) and PSP-CBS (*p* = 0.04 for both), and PSP-SL showed greater uptake in the inferior and superior frontal lobe compared to PSP-RS (*p* = 0.01 for both).Fig.. 5Estimated log-transformed flortaucipir SUVR from Linear Mixed-Effects Models. For each boxplot the circle is the estimated mean from the model, with the thick color line showing the 84% confidence interval and the thin grey line showing the 95% confidence interval.(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)Fig 5

3.4. Autopsy tau burden results {#sec0011}
-------------------------------

Semi-quantitative tau burden results among PSP variants are shown in [Fig. 6](#fig0006){ref-type="fig"}. Tau burden in the superior frontal and motor cortices was qualitatively lower in PSP-P and PSP-PGF compared to PSP-RS, PSP-SL, PSP-CBS and PSP-F across all lesions, with the greatest burden for these regions observed in PSP-SL and PSP-CBS cases. Tau burden in the striatum and thalamus was similar for all the different PSP variants, with moderate-severe pathology consistently observed for all the four lesion types, with the exception of the PSP-PGF case that had the lowest striatal tau burden. Tau burden was moderate-severe for neurofibrillary tangles, coiled bodies and threads in the subthalamic nucleus for all PSP variants, except for the PSP-SL and PSP-CBS cases which showed only mild burden of coiled bodies. The PSP-SL, PSP-CBS and PSP-PGF cases showed the lowest burden of pathology in the globus pallidus. Tau burden in the substantia nigra was qualitatively higher in PSP-SL, PSP-CBS and PSP-F compared to PSP-RS, PSP-P and PSP-PGF. Tau burden in the red nucleus and midbrain tegmentum was high across all PSP variants, with PSP-RS showing the highest burden in midbrain tegmentum, and PSP-P and PSP-PGF showing the lowest burden in both regions. Burden of coiled bodies was typically low across variants in the dentate nucleus of the cerebellum, with moderate burden of neurofibrillary tangles and threads observed across variants.Fig. 6Semi-quantitative tau burden measures in the autopsy confirmed PSP cases.Fig 6

4. Discussion {#sec0012}
=============

Our findings demonstrate that the clinical heterogeneity present in PSP is mirrored by anatomical and tau burden heterogeneity. Differences across PSP variants were observed both on MRI and flortaucipir, with the two modalities providing consistent and complementary information. While a set of subcortical structures were involved across all variants, dentatorubrothalamic tract involvement was only seen in PSP-RS, PSP-CBS and PSP-F, while cortical involvement was only characteristic of PSP-SL, PSP-CBS and PSP-F.

The neuroimaging analyses we performed allowed us to interrogate the system of subcortical circuitry that is typically involved pathologically in PSP. Our findings showed that each of the PSP variants affects a different set of structures within this system ([Fig. 7](#fig0007){ref-type="fig"}). The typical PSP-RS variant showed involvement of the entire subcortical system on neuroimaging. We found evidence for volume loss and flortaucipir uptake in the midbrain (including the red nucleus and substantia nigra), striatum and subthalamic nucleus, with volume loss of the superior cerebellar peduncle and flortaucipir uptake in the globus pallidus, thalamus and dentate nucleus of the cerebellum. These findings concur with previous neuroimaging findings in PSP-RS from our group and others ([@bib0012]; [@bib0015]; [@bib0020]; [@bib0022]; [@bib0032]; [@bib0033]; [@bib0034]; [@bib0035], [@bib0036]; [@bib0037]) and concur with autopsy findings in PSP-RS ([@bib0029]). We did not find evidence of involvement of the frontal lobe or body of the corpus callosum in our PSP-RS cohort, although mild atrophy and flortaucipir uptake have been observed in these regions in other PSP-RS cohorts ([@bib0012]; [@bib0016]; [@bib0022]; [@bib0034]; [@bib0036]; [@bib0068]). Differences across studies may be due to the use of different statistical thresholds and different methodology, with previous studies utilizing diffusion tensor imaging for example ([@bib0022]; [@bib0068]). Our PSP-RS findings demonstrate disruption of the dentatorubrothalamic tract which projects from the dentate nucleus of the cerebellum, through the superior cerebellar peduncle to the red nucleus and then on to the ventrolateral thalamus and motor cortex, as well as disruption of the nigrostriatal pathway, striatopallidal projections, projections between the globus pallidus and subthalamic nucleus, and projections from globus pallidus to ventrolateral thalamus that in turn project to the premotor cortex. Disruptions in the dopaminergic nigrostriatal pathway in PSP-RS have been demonstrated at post mortem ([@bib0069]) and with dopaminergic imaging studies ([@bib0070]). One would hypothesize that projections from the cortex to subcortical structures may be less disrupted in PSP-RS.Fig. 7Schematic depiction of the involvement of PSP-related subcortical circuitry in each PSP variant. Dark shading indicates clear involvement of a structure on neuroimaging, whereas light shading indicates mild involvement. GP =globus pallidus; STh = subthalamic nucleus; RN = red nucleus; SN = substantia nigra; DN = dentate nucleus of the cerebellum; SCP = superior cerebellar peduncle.(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)Fig 7

Similar patterns of involvement of subcortical circuitry were observed in PSP-CBS and PSP-F, revealing substantial overlap with PSP-RS ([Fig. 7](#fig0007){ref-type="fig"}). Both PSP-CBS and PSP-F showed evidence for atrophy of the superior cerebellar peduncle, midbrain, striatum, globus pallidus, subthalamic nucleus and thalamus. The main difference from PSP-RS is that both PSP-CBS and PSP-F showed evidence for volume loss in the frontal lobes, reflecting the development of cortical-driven clinical features. The PSP-F variant showed mild atrophy of the prefrontal cortex; a region that has been associated with behavioral change and executive dysfunction ([@bib0071]; [@bib0072]). The PSP-CBS variant also showed involvement of the prefrontal cortex but had a greater degree of frontal white matter abnormalities including the body of the corpus callosum, frontal involvement was asymmetric, and dysfunction spread more posteriorly in the frontal lobe than in PSP-F. Involvement of the prefrontal cortex in PSP-CBS is somewhat surprising, since corticobasal syndrome typically targets more posterior regions in the frontal lobe ([@bib0047]), although the findings are consistent with previous reports of patients with features of corticobasal syndrome and PSP ([@bib0007]; [@bib0046]). These findings may suggest predominant disruption of prefrontal circuits, which include projections to the striatum which in turn project to the globus pallidus, substantia nigra, subthalamic nucleus and onto the mediodorsal thalamus and back to the prefrontal cortex ([@bib0073]). Disruption of this circuit has been associated with executive dysfunction ([@bib0073]). Pathological studies have shown a cortical predominance of pathology in both PSP-F and PSP-CBS ([@bib0008]; [@bib0074]). Similarly, in our autopsy series, PSP-CBS and PSP-F showed moderate to severe levels of tau pathology in cortical regions, although they also showed high tau burden in the subcortical and brainstem nuclei.

Unfortunately, we were unable to gain much insight into the tau disease process with flortaucipir in the PSP-CBS and PSP-F variants, since we did not have any PSP-F cases with flortaucipir imaging and only three PSP-CBS patients underwent flortaucipir imaging. As a group, this small PSP-CBS cohort showed no regions of significant uptake compared to controls in the voxel-level maps, and a large amount of variability in the ROI-level findings, likely due to the small number of cases. When assessed individually, there was evidence for uptake in the basal ganglia, thalamus, midbrain, and dentate nucleus of the cerebellum in one patient, but not the others, with cortical uptake observed in two cases, of which one was asymmetric. Flortaucipir uptake in patients with corticobasal syndrome can also be varied and minimal in many cases ([@bib0075]). One previous PSP-CBS patient reported with flortaucipir imaging showed elevated uptake in dentate nucleus of the cerebellum, midbrain, subthalamic nucleus, globus pallidus and putamen ([@bib0034]), fitting with the subcortical circuitry we found to be abnormal on MRI.

The PSP-SL variant showed striking atrophy and flortaucipir uptake in premotor and precentral (motor) cortex, with the degree of involvement of the supplementary motor area and precentral cortex differentiating PSP-SL from all the other PSP variants, except for PSP-CBS. This pattern of premotor and motor atrophy and flortaucipir uptake is typical for patients with a progressive apraxia of speech ([@bib0042]; [@bib0076], [@bib0077]; [@bib0078]; [@bib0079]). However, in contrast to PSP-RS, PSP-F and PSP-CBS, the PSP-SL variant tended to show less involvement of the infratentorial structures, including midbrain, superior cerebellar peduncle and dentate nucleus of the cerebellum ([Fig. 7](#fig0007){ref-type="fig"}). This concurs with the fact that patients with progressive apraxia of speech can have isolated speech/language symptoms for many years before developing the clinical symptoms of PSP ([@bib0010]; [@bib0057]; [@bib0080]; [@bib0081]). We have previously observed mild midbrain atrophy in patients with these speech/language impairments that develop PSP features ([@bib0057], [@bib0079]; [@bib0080]), although to a lesser degree than PSP-RS ([@bib0079]). Midbrain atrophy on MRI has also been observed in autopsy confirmed PSP-SL ([@bib0041]). It, therefore, appears as though infratentorial structures can become involved in PSP-SL, but are typically involved to a lesser degree than other PSP variants. Given the lack of involvement of the dentatorubrothalamic tract on neuroimaging, the results may also support predominant involvement of descending cortical pathways in PSP-SL, where cortical tau burden and atrophy results in degeneration of descending corticostriatal and corticorubral pathways. The autopsy findings also showed relatively greater tau burden in the cortex and relatively lower tau burden in subthalamic nucleus and globus pallidus in PSP-SL, although tau deposition was observed in the dentate nucleus of the cerebellum and red nucleus showing some involvement of the ascending dentatorubrothalamic tract and showing that this tract can become involved before death. A previous pathological study has shown that the burden of tau pathology shifts from the subcortical and brainstem regions to the cortex in PSP-SL cases ([@bib0010]).

The PSP-P and PSP-PGF variants showed much more restricted involvement of subcortical circuits compared to PSP-RS ([Fig. 7](#fig0007){ref-type="fig"}). Both of these variants showed evidence for volume loss and elevated flortaucipir uptake in the striatum, globus pallidus and thalamus, and, in fact, PSP-P and PSP-PGF showed the highest flortaucipir uptake in the putamen and globus pallidus of all the PSP variants after correcting for age. This suggests that projections between the striatum, globus pallidus and subthalamic nucleus are particularly affected in PSP-P and PSP-PGF. The PSP-PGF group showed mild evidence of volume loss in the midbrain, whereas PSP-P showed relatively spared midbrain volumes compared to the other PSP variants. Neither variant showed any flortaucipir uptake in the dentate nucleus of the cerebellum or volume loss of the superior cerebellar peduncle, showing a lack of evidence for involvement of the dentatorubrothalamic tract. This would support a different pattern of disease spread in these variants compared to PSP-RS with initial focus in subcortical grey matter structures. These findings concur somewhat with previous MRI studies that have shown that PSP-P patients have less atrophy of the midbrain, superior cerebellar peduncle and dentate nucleus of the cerebellum compared to PSP-RS patients ([@bib0020]; [@bib0039]; [@bib0082]), although midbrain atrophy has been observed in PSP-P ([@bib0020]; [@bib0039]; [@bib0083]). There is a lack of neuroimaging studies in PSP-PGF, although volume loss of subcortical grey matter structures has been observed to a similar degree as PSP-RS ([@bib0084]), and case series have noted the absence of atrophy in many PSP-PGF cases ([@bib0085]). Flortaucipir imaging has been reported in three PSP-PGF patients and, similar to our study; elevated uptake was observed in the basal ganglia but not the dentate nucleus of the cerebellum ([@bib0034]). Pathological studies largely confirm our neuroimaging results, finding a more restricted distribution of tau pathology in PSP-P compared to PSP-RS involving the subthalamo-nigral-pallidal system ([@bib0086]), with PSP-P showing similar striatal tau burden but lower tau burden in the frontal lobe and cortex compared to PSP-RS ([@bib0087]). Cases of PSP-PGF have also been shown to have the greatest burden of pathology in subthalamic nucleus, globus pallidus and substantia nigra ([@bib0088]; [@bib0089]), with a relative sparing of the dentate nucleus of the cerebellum compared to PSP-RS ([@bib0005]). Tau burden across the substantia nigra, caudate and dentate has been shown to be higher in PSP-RS compared to both PSP-PGF and PSP-P ([@bib0038]). Our autopsy results from PSP-P and PSP-PGF were similar, with lower burden of tau pathology in the frontal and motor cortices compared to all of the other PSP variants. There was also a tendency for PSP-P and PSP-PGF to have relatively low tau burden in the striatum, thalamus and midbrain tegmentum, particularly for coiled bodies and tufted astrocytes. Tau burden in the subthalamic nucleus and globus pallidus was similar to the other variants. We did observe moderate to severe tau deposition in neurofibrillary tangles and threads in the dentate nucleus of the cerebellum which suggests that the dentatorubrothalamic tract can become involved by the time of death even if we cannot detect abnormalities in these structures on neuroimaging.

Our findings highlight that different approaches may be needed across clinical variants in terms of neuroimaging biomarkers for clinical trials and the findings could also have diagnostic utility. The PSP-SL variant was relatively well distinguished from the other variants based on volume and flortaucipir measures from the supplementary motor area and motor cortex, and they also had a relative sparing of infratentorial regions. A relative lack of midbrain involvement in the context of motor cortex involvement may, therefore, be useful to differentiate PSP-SL from the other PSP variants. Flortaucipir uptake in the putamen was higher in PSP-P compared to PSP-RS, yet PSP-P showed smaller volumes of the midbrain and red nucleus, a signature which could be useful in the diagnosis of PSP-P. The presence of frontal atrophy would also be suggestive of PSP-F or PSP-CBS, and the lack of atrophy of both the superior cerebellar peduncle and cortex may be suggestive of PSP-P and PSP-PGF. These neuroimaging signatures could potentially be useful in cases with an unclear clinical picture or even in the early identification of these variants. However, we did not find any measures that were helpful in differentiating PSP-CBS from PSP-F, or in differentiating PSP-P from PSP-PGF. Further work with larger numbers of patients will be needed to clarify patterns in some of these variants, determine generalizability of the results and to develop optimum diagnostic biomarkers. A number of structures within the subcortical circuits, including the striatum, thalamus, and globus pallidus, were involved across all PSP variants. This may tell us something about shared pathophysiological mechanisms across the variants, and how these structures and their projections may be particularly important for the development of shared clinical features, such as parkinsonism, postural instability and oculomotor impairment. It is possible that imaging measures from these subcortical structures may also prove to be fruitful disease biomarkers that could be applied across PSP variants, or even potential biomarkers of PSP pathology ([@bib0023]), although further studies assessing the relationship between imaging measures and disease progression, and autopsy confirmation will be needed to support these hypotheses.

The strengths of this study are the fact that we used two fundamentally different imaging modalities to probe the involvement of the key PSP-related regions across a number of PSP variants. While we had large numbers of PSP-RS, PSP-P and PSP-SL patients, the numbers of PSP-PGF and PSP-F patients were small, which was a limitation. In addition, we did not have any patients representing the PSP-oculomotor and PSP-postural instability variants. The fact that our MRI scans were performed on two different scanners could also have added variability into the analysis, although we included scanner type in our statistical analyses. Disease duration differed across the PSP variants, with longest disease duration observed in PSP-P and PSP-SL. This is typical of these two variants since both are characterized by the presence of non-PSP clinical features early in the disease course. Another limitation is that we did not have autopsy confirmation for all cases. We did not perform correlation analyses between MRI volumes and tau burden in this study due to the relative small number of autopsy cases and because the time between last available scan and autopsy varied between 0.5 and 6 years. Furthermore, not many of the autopsy cases had undergone flortaucipir PET. The flortaucipir PET ligand has shown promising utility in patients with PSP and the findings in this study matched well with our MRI analysis. However, there is uncertainty concerning whether uptake truly and adequately reflects tau deposition in the brain since autoradiographic studies have shown little binding of \[^18^F\]flortaucipir to the 4R tau present in PSP ([@bib0090]; [@bib0091]; [@bib0092]). Despite this, good regional correlations have been observed between 4R tau burden and flortaucipir uptake in corticobasal degeneration ([@bib0093]; [@bib0094]), and we have shown that regional flortaucipir measures correlate well with MRI volumes measures, at least for subcortical structures, in PSP ([@bib0095]). Nevertheless, the future role of flortaucipir in PSP is unclear given the uncertainty in how well it binds 4R tau. More work is needed to truly understand the pathological basis of the flortaucipir signal in PSP and the field urgently needs PET ligands that specifically bind to 4R tau.

The results of this study demonstrate neuroanatomical differences across the clinical variants of PSP that increase our understanding of the pathophysiology of these syndromes and will be important in the development of disease biomarkers for PSP. Given the observed differences in involvement of subcortical circuitry across PSP variants, it will be important for future studies to assess the integrity of white matter tracts within these circuits. Furthermore, longitudinal studies will be needed to assess progression and the degree to which unaffected parts of these circuits become affected over time.
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[^1]: Data shown as N (%) or median \[inter-quartile range\]. P values calculated using analysis of variance regression. MDS-UPDRS = Movement Disorders Society Sponsored revision of the Unified Parkinson\'s Disease Rating Scale; MoCA = Montreal cognitive Assessment Battery; FAB = Frontal Assessment Battery; NA = not available.
